Vitamin A deficiencies in pregnancy may impair the health of the mother and the growth, development, and later health of her offspring. However, the understanding of the variability of micronutrient status markers during pregnancy is limited.
Introduction
Micronutrient requirements are increased during pregnancy due to growth of maternal and fetal tissues and endowment of micronutrient stores in the fetus. The absorption of many nutrients is increased during pregnancy, yet maternal dietary intake may be inadequate to meet the requirements. The resulting micronutrient deficiencies may impair the health of the mother and the growth, development, and later health of the offspring. Micronutrient supplementation is an obvious strategy to overcome negative health effects on micronutrient deficiencies. A recent meta-analysis showed major heterogeneity between studies on the effect of multi-micronutrient supplementation on perinatal mortality (1) . This might be partly explained by different dietary patterns, nutritional status, and disease pattern. However, little is known about micronutrient status among pregnant women in low-income countries (2) . Vitamin A is one of the essential nutrients for fetal development and most nutrient recommendations suggest an increased intake during pregnancy of 10-20% (3) . Vitamin A status is assessed by the serum concentration of retinol, but we know little about its value as a marker of vitamin A status during pregnancy. The relation between liver stores and circulating retinol is changed due to the physiology of pregnancy. Further, retinol binding protein, the carrier of retinol in serum, is a negative acute phase protein and the value of serum retinol as indicator of vitamin A status during inflammation is questionable (4) . We measured serum retinol and b-carotene once in a subsample of women participating in a large micronutrient supplementation trial among pregnant women in Guinea-Bissau, West Africa. In this paper, we present data on associations between gestational age and concentrations of 2 acute phase reactants and serum retinol and b-carotene.
Participants and Methods
This was a cross-sectional study based on a large, prenatal, multimicronutrient supplementation trial conducted in Guinea-Bissau, West Africa (5). The study area lies in the capital of Guinea-Bissau where demographic surveillance has been carried out by the Bandim Health Project (BHP) since 1978. The staple food is rice, usually consumed with fish. The pro-vitamin A-rich red palm oil or a sauce prepared from the red palm fruit is frequently consumed with the rice. The climate is tropical with one rainy season from June to November. Time was divided into 4 seasons: early rainy (June to August), late rainy (September to November), early dry (December to February), and late dry season (March to May). Women were recruited at their first antenatal care visit from the Bandim health center mid-May 2001 to mid-February 2002. During this period, a total of 1525 women were recruited for the main trial, of which 842 were from the Bandim health center, and 738 (87.6%) volunteered to provide a venous blood sample at baseline for determination of micronutrient status. Serum retinol and b-carotene concentrations before initiation of micronutrient supplementation were available for 733 women.
Information on age, gestational age, and anthropometry was collected by 1 of the 2 research nurses. Gestational age was based on recall of first day in last menstrual period and reported as quintiles in the analyses. Body weight was measured to the nearest 0.1 kg (UNICEF electronic scale 890, Seca) with the women barefooted and wearing light clothing. Height was measured to the nearest 0.1 cm. Obstetric history was merged with our data from a concomitant survey targeting all women of childbearing age in the study area conducted by the BHP. Unfortunately, data were available for only 574 (78.3%) of the women. Other socioeconomic indicators were merged into our data from the routine household surveillance conducted by BHP [n = 598 (81.0%)]. The main reason for incompleteness is most likely that we included women who were not permanent inhabitants of the study area but only stayed until they gave birth, after which they returned home. The routine surveillance system did not include these individuals. We assessed dietary intake from a complete list of 65 local food items and 9 beverages available in the study area. On the first or second home visit, 2 or 4 wk after enrolment, study participants were asked if they consumed any of the items the previous day. We did not attempt to quantify the food intake.
Blood sampling and storage. Blood was collected in the morning when women arrived at the health center for antenatal care. Then 10 mL of nonfasted blood was drawn after venipuncture using evacuated dry tubes (BD Vacutainers, Becton Dickinson). After coagulation at room temperature, the tubes were brought to the laboratory, where serum was separated by centrifugation and stored at 2208C for a maximum of 6 mo and sent to University of Copenhagen, Denmark, where it was stored at 2808C for a maximum of 12 mo until analysis.
Laboratory analyses. Retinol and b-carotene were extracted twice from serum with HPLC grade 95% n-hexane (Code no. C2516, LabScan). The extract was evaporated under N 2 and the residue reconstituted in mobile phase and analyzed using isocratic reverse-phase HPLC (Varian Associates) on a C 18 column (no. 201TP54, Grace Vydac) using acetonitrile (Lab-Scan C 2502):ethanol (Merck 1.11727.2500) (65:35) as the mobile phase. Quantification was based on linear calibration curves of retinol (RO 01-4955, Roche) and b-carotene (RO 01-8300, Roche). Detection limits were 0.11 mmol/L for retinol and 0.04 mmol/L for b-carotene. The inter-run variation was 7% CV for retinol and 15% CV for b-carotene. b-Carotene is transported by lipoproteins (6) and its concentration in serum reflects dietary intake, but also lipoprotein concentration. We measured total cholesterol as a representative of the total lipoprotein level to adjust for pregnancyinduced blood lipid changes. Total cholesterol was measured by an automated enzymatic colorimetric assay CHOD-PAP (cat. no. 2016630 Roche Diagnostics) using Cobas Mira Plus (Roche). The detection limit was 0.08 mmol/L. The serum C-reactive protein (CRP) concentration, reflecting acute inflammation, was measured by a commercial test kit (cat. no. A11A00175, ABX Diagnostics) using turbidimetry (Cobas Mira Plus, Roche) and the detection limit was 3 mg/L. Values ,3 mg/L were considered normal and elevated concentrations were categorized as 3-10 or .10 mg/L. Serum a 1 -antichymotrypsin (ACT), which has a longer half-life and reflects inflammation in the past 4-6 wk, was quantified with rabbit antihuman ACT (DAKO) using turbidimetry (Cobas Mira Plus, Roche). The inter-run variation was 3 CV%. The detection limit was 0.05 g/L. Values ,0.3 g/L were considered normal and elevated concentrations were categorized as 0.3 to ,0.4, 0.4 to ,0.5, or $0.5 g/L based on previous studies (7).
Statistical methods. All calculations were carried out using Stata 11.1 (StataCorp). We tested seasonal differences in the frequency of consumption of various foods using chi-square test. We used simple and multiple regression analyses to analyze the relationship between predictors and the response variables, serum retinol and b-carotene. Gestational age, serum ACT, and CRP were forced into the models. Other variables considered as predictors were season, age, gravidity, and serum cholesterol in the case of b-carotene. Continuous response variables were left untransformed as robust variance estimates were applied. This gives valid inference as long as the mean model for the responses given the predictor is correctly specified (8) , and the latter was checked inspecting the residual plot. Because of missing values (22%) in the predictor variable gravidity, when gravidity was a significant predictor, we did the analyses using multiple imputation (9) with 10 imputation runs using the standard multiple imputation command "mi" in Stata 11.1 . We included all available variables considered relevant to predict gravidity. Thus, imputed values of gravidity were based on values of retinol, b-carotene, a-tocopherol, folate, ferritin, transferrin receptors, cholesterol, weight, triceps and subscapularis skinfolds, hip and arm circumferences, gestational age, serum ACT and CRP, season, and age.
Ethical considerations. After having received information about the study, women who were willing to participate gave their oral consent. Because illiteracy was common in the study population, we did not use written consent. However, written information was attached the antenatal cards of participating women. The study was approved by the National Ethical Board of the Ministry of Health, Guinea-Bissau (no reference number) and by the Danish National Committee on Biomedical Research Ethics (C-2000-21).
Results
The mean age of the 738 pregnant women was 23.9 y, with 71 (9.6%) ,18 y ( Table 1) . One-third of the study participants were primigravid and most women attended their first antenatal care visit in the second (62.1%) or third (30.3%) trimester. According to the last menstrual period, only 55 (7.6%) of the women were seen before wk 13 of gestation. Gestational age at the first antenatal visit did not depend on gravidity (P = 0.40) or age (P = 0.69). Serum CRP was elevated (>3 mg/L) in 51.6% and serum ACT (>0.3 g/L) in 66.3% of the participants. The intake of dietary sources of preformed vitamin A was low and intake of provitamin A-rich foods varied significantly by season, except for red palm oil, and carrots, which were consumed by only a few individuals (Fig. 1) . Overall, on the day before the interview, 33% of the women had consumed red palm oil, an excellent source of highly bioavailable provitamin A. Mango consumption varied from 7% (late rainy season) to 68% (late dry season) (P , 0.001).
Overall, 42.3% had serum retinol ,1.05 mmol/L, which is conventionally used to indicate marginal vitamin A status, and 13.8% had values ,0.70 mmol/L, indicating vitamin A deficiency ( Table 2) . Advanced gestation (P , 0.02), elevated serum CRP (P , 0.01) and ACT (P , 0.01), and late rainy season (P = 0.002) were independently negatively associated, whereas multigravidity (P , 0.001) was positively associated with serum retinol (Table 3) . Gestational age .20 wk was consistently associated with~0.1 mmol/L lower serum retinol (b = 20.09 to 20.11) compared with gestational age from 7 to 16 wk. The combined effect when gestational age was dichotomized using 20 wk as the cutpoint was 0. reference categories of all independent variables, i.e., among women who were in the lowest quintile of gestational age, primigravid, measured in the early rainy season, and had normal values of both acute phase reactants. For comparison, the overall mean serum retinol concentration was 1.03 (95%CI: 1.00, 1.05) mmol/L.
Gestational age was a strong predictor of serum b-carotene, with considerably higher values after wk 20 ( Table 4) . However, when serum cholesterol was included in the model, there was no association between gestational age and serum b-carotene. Serum b-carotene was highly affected by season in both models, with values in the late dry being considerably higher compared with the other seasons. Elevated acute phase proteins did not affect serum b-carotene, although slightly but significantly higher values were seen at a mildly elevated serum ACT. However, the association with serum CRP pointed in the opposite direction (beta = 20.20 (95% CI: 20.40; 20.10) for CRP >10 mg/L).
Assuming that the observed associations between serum retinol and elevated acute phase reactants could be ascribed to physiological changes in the acute phase reaction alone, we adjusted the values of serum retinol by the regression coefficients for each of the 2 acute phase markers. The true prevalence of vitamin A deficiency in this population is probably somewhere between these 2 estimates. However, this approach increased the estimated mean serum retinol concentration from 1.03 6 0.33 to 1.15 6 0.30 mmol/L and decreased the proportion of women classified as vitamin A deficient from 13.8 to 4.5%.
Again 
Discussion
We assessed vitamin A status in a large group of pregnant women in a low-income population with a frequent intake of dietary sources of highly bioavailable b-carotene from red palm oil. We defined 13.8% as vitamin A deficient using the conventional cutoff for serum retinol of ,0.7 mmol/L, whereas it was only 4.5% if the values were adjusted for elevated acute phase reactants. When we adjusted the serum retinol further for pregnancy, the estimated prevalence of vitamin A deficiency in this population dropped to 2.4% (17 women). The process of adjusting the measured values based purely on cross-sectional data is not justified as a way forward. However, this approach calls for further studies of how to assess micronutrient status among pregnant women who are considered nutritionally vulnerable. There are few reports of vitamin A deficiency in pregnant women in low-income settings and the majority simply used serum retinol values ,0.7 mmol/L to define vitamin A deficiency (7, (10) (11) (12) (13) (14) . In a study among Ethiopian pregnant women, serum albumin and total protein were measured, but because there are no established cutoffs for the ratio, serum retinol ,0.7 mmol/L was used to define deficiency (15) . The recommended cutoff of serum retinol ,0.7 mmol/L was originally proposed to define vitamin A deficiency in children 12-71 mo of age (16) . It may not reflect a deficiency state in other population groups, but as long as specific cutoff values are not defined, it will be used to define deficiency in all population groups.
It has been argued that the conventional cutoffs were not established in populations free from infections and thus are equally valid for use in populations with a high burden of infections (17) . However, even if this may be right at the population level, it does not overcome the challenge of identifying vitamin 1 Data are mean 6 SD or n (%). A-deficient individuals. The impact of acute phase reaction on serum retinol is well known (18) and different approaches to adjust for it have been proposed (19, 20) . However, at the moment, there is no consensus on which acute phase reactants to measure and how to adjust serum retinol for them in order to improve the validity of the assessment of vitamin A status in populations with high infectious burden.
The adjusted values could represent an underestimate, because the lower values observed in individuals with an acute phase reaction might reflect a truly lower vitamin A status. We previously reported serum retinol values from another large cross-sectional study among pregnant women from Zimbabwe (7). Vitamin A status was lower in the Zimbabwean population and ACT had a slightly greater impact on serum retinol concentrations (b = 20.04, 20.15, and 20.41 compared with our results of 20.05, 20.10, and 20.024 mmol/L for serum ACT 0.3 to ,0.4, 0.4 to ,0.5, and $0.5 g/L, respectively). However, CRP was not included in the analysis from Zimbabwe, and if we exclude CRP in our analysis, we get almost the same regression coefficients across populations. This suggests that the association with acute phase proteins is widely physiological and does not reflect a difference in vitamin A status.
Serum retinol was considerably lower,~0.10 mmol/L or 10% from wk 20 onwards, compared with wk 7-16 of pregnancy. This may reflect a true reduction in vitamin A stores with increasing gestation, as proposed by a large trial of weekly vitamin A supplementation in Bangladesh (12) . However, a decrease in serum retinol during pregnancy due to the increased plasma volume has been reported (21) . Circulating retinol binding protein was reported to be 35% lower in pregnancy compared with postpartum values in a small prospective observational study of 12 women (22) . It has been suggested that the ratio of serum retinol:total protein be used to adjust for the pregnancy-related hemodilution (23) . If appropriate cutoff values indicating deficiency are established, ths may be a good 1 Information on gravidity was merged into the dataset from a different source. The information was available for only 80% of the women and we did multiple imputation (n = 10) using Stata 11. The predictions of gravidity were based on values of retinol, b-carotene, atocopherol, folate, ferritin, transferrin receptors, cholesterol, weight, triceps and subscapularis skinfolds, hip and arm circumferences, gestational age, the acute phase reactants ACT and CRP, season, and age. All estimates from models in which gravidity was included are means of the analyses of 10 data sets with imputed values of gravidity. ACT, a 1 -antichymotrypsin; CRP, C-reactive protein. 2 Multiple regression analysis, n = 712. Model included gestational age, gravidity, season, CRP, and ACT.
approach to compensate for the individual variations in hemodilution during pregnancy. Serum b-carotene is not a direct marker of vitamin A status but rather reflects intake of provitamin A. It has no established cutoff values to define deficiency, but a value of 0.09 mmol/L has been used to indicate low values (12) . Only 4 individuals (0.54%) in our study population had b-carotene ,0.09 mmol/L. Because b-carotene circulates in association with lipoproteins, serum b-carotene will, if abundant, depend on the total lipoprotein concentration (6) . Our data suggest that serum b-carotene increases during pregnancy proportional to the increase in serum lipid concentration. Indeed, serum b-carotene was not associated with gestational age when adjustment was made for total serum cholesterol. Unless women change their dietary intake of b-carotene, we would expect the right biomarker of b-carotene to decrease or be independent of gestational age and thus suggest that when used in pregnancy, the assessment of b-carotene should be adjusted for a measure of serum lipid level.
There was no evidence of micronutrient depletion with age or parity in this population. Other studies from low-income countries reported lower (24) or unchanged serum retinol with increasing parity (7) . In our study, vitamin A status rather increased with increasing parity. This finding supports that the vitamin A status in this population was relatively good. Inadequate or marginal nutrient status is more likely to lead to maternal micronutrient depletion (25) . The effect was seen only for serum retinol. We cannot conclude whether dietary quality improved, or whether serum retinol increased as a result of physiological changes with increasing parity.
Based on a large cross-sectional study, we suggest that serum retinol and its conventional cutoff may be underestimating the vitamin A status in late pregnancy and in populations with a high prevalence of infections. This is one of few studies, and definitely the largest study, addressing this issue; however, we cannot make a conclusion on the course of serum retinol during pregnancy based on the cross-sectional design. We cannot exclude that our observations are not due to lower vitamin A status among women who attend antenatal care late or even to lower liver stores of vitamin A with increasing gestation. Therefore, prospective cohort studies conducted among pregnant women from early pregnancy with regular follow-up until after pregnancy are most needed in order to describe the physiological behavior of serum retinol during pregnancy and thereby to improve the assessment of vitamin A status during pregnancy. Similarly, to be able to assess the vitamin A status of individuals in populations with a high burden of disease, we need prospective cohort studies in which vitamin A status is measured before, during, and after inflammation. Acknowledgments P.K. supervised data collection and laboratory analyses, performed statistical analysis, and prepared the first draft manuscript; T.M. supervised the statistical analysis; and K.F.M., H.F., and P.A. participated in study design and supervised the field work. All authors read and approved the final manuscript.
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